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Study of quantum-well infrared photodetectors ͑QWIPs͒ have been progressing rapidly during last two decades. 1, 2 With the mature growth, processing, and passivation technologies of GaAs, the QWIPs have great advantages over the HgCdTe detectors, such as the good uniformity and lower production cost, making possible the fabrication of largearea focal-plane arrays, the monolithic integration with other GaAs devices, and especially, the development of the two or multicolor detectors which are highly desirable for future high performance infrared ͑IR͒ systems. Many efforts have been made to realize the two or multicolor QWIPs. [3] [4] [5] [6] [7] However, most of them required the growth of additional quantum well ͑QW͒ stacks and more complicated device fabrication procedures. Recently, a postgrowth band gap engineering technique, quantum well intermixing ͑QWI͒, [8] [9] [10] has been utilized to tune the wavelength of QWIPs, and to achieve the multicolor QWIPs. Through the interdiffusion of the QW and barrier material, the potential profile of the QW can be changed from the initial square shape to rounded or error function shape. Thus, the energy eigenstates in the QW will be modified, leading to monotonic redshifted intersubband transition energy. 11 Several methods of QWI have been applied to investigate its effect on tuning the spectral response of the QWIPs, for example, thermal interdiffusion, [12] [13] [14] laser induced thermal annealing, 15 impurityfree vacancy disordering, 2 and ion-implantation induced intermixing. 16 For QWIPs structure which normally contains multiple QWs with total thickness of 2-3 m, it is difficult to achieve uniform interdiffusion over the whole QW region because most of the QWI methods are depth dependent and consequently, the broadening of the IR spectrum linewidth. 2, 12, 15 However, for ion-implantation induced intermixing this can be overcome by employing different ionimplantation schemes, such as multiple energy implantation 16 and single-high energy implantation, which is the topic of this letter.
The QWIPs structure used in this work was n-type bound-to-continuum QWIPs grown by molecular-beam epitaxy on ͑100͒ semi-insulating GaAs substrate. It contained 50 QWs sandwiched by 2 m top and 1.3 m bottom n ϩ GaAs contact layers grown on 0.5 m AlAs layer. Each QW consisted of nominally 4.5 nm Si-doped (ϳ10 18 cm Ϫ3 ) GaAs with 50 nm undoped Al 0.3 Ga 0.7 As barriers. Proton implantation was used to promote intermixing since it has been demonstrated to be able to produce a large wavelength shift as well as good photoluminescence intensities in both GaAs/AlGaAs and InGaAs/͑Al͒GaAs material systems. 17, 18 In order to obtain a homogeneous intermixing all over the 50 QWs region, the energy of 0.9 MeV was chosen such that the peak of the displacement profile was located in the substrate and a relatively uniform displacement profile across the multiple QW was obtained, as shown in Fig. 1 . In order to compare this work with our previous a͒ Electroic mail: fu1109@rsphysse.anu.edu.au results, 16, 19 higher doses were chosen so that the displacement density in the multiple QW region is similar for all the implantation schemes ͑see Table I͒ .
During implantation at room temperature, part of the sample was masked to provide an unimplanted reference region and the rest of the sample was implanted with the doses from 1ϫ10 16 to 4ϫ10 16 cm Ϫ2 . All the samples were annealed under Ar flow at 950°C for 30 s by rapid thermal annealing ͑RTA͒. Samples were then processed into 250 ϫ250 m 2 devices using standard photolithography and wet etching. Au-Ni-Ge ohmic contacts were evaporated on the mesas. A 6 m period grating was etched to allow normal incidence operation. The sample was individually mounted in a liquid nitrogen cooled Dewar for photocurrent and I -V measurements. The absolute responsivity was measured using 500 K calibrated blackbody as infrared source.
The IR spectral responses from all samples acquired using a Fourier transform spectrometer are shown in Fig. 2 . It can be observed that the peak detection wavelength of the QWIPs was shifted from 6.8 m for the unimplanted reference sample to 7, 7.3, 7.6, and 8.6 m for samples implanted with the doses of 1, 2, 3, and 4ϫ10 16 cm Ϫ2 , respectively. Also, the corresponding spectral linewidth, ⌬/ ͑ is the peak wavelength, ⌬ is the spectral full width at half maximum͒, was changed from 13.8% to 14.3%, 12.8%, 17.7%, and 20.2%. This is consistent with Lee and Li's 11 theoretical calculation on the interdiffusion effect of QWIPs. From their calculation for a BC QWIPs, at the initial stage of interdiffusion where interdiffusion length, L d Ͻ10 Å, the photoresponse spectrum remained as broad as the first excited state still remained in the continuum band. With further interdiffusion, L d Ͼ10 Å, the spectrum became narrower due to the relocalization of the excited state in the QW ͑QWIPs became bound-to-bound transition͒ and at L d ϭ20 Å, the narrowest spectrum was obtained, because the largest oscillator strength occurs when the first excited state coincides with the top of the well. When the L d was larger than 25 Å, the spectrum was broadened again due to the flattening of the potential well which reduced its quantum confinement effect. Similarly, in our study, the spectral linewidth changed from broad to narrow and then to broad, with the enhancement of interdiffusion by increasing the implantation doses. For the lowest implantation dose of 1ϫ10 16 cm Ϫ2 , only a small degree of interdiffusion occurred leading to slightly shifted and broadened spectrum. When the QWIPs were implanted with the dose of 2ϫ10 16 cm
Ϫ2
, the position of the first excited state was changed due to the modification of the well shape by interdiffusion, moving closer to the top of the QW. Thus, the spectrum lindwidth became narrower. With the increase of the implantation dose, the shape of the QW was further modified with a wider effective well width and a lower barrier height. The effect of this resulted in the reduction of the quantum confinement effect and hence, broader spectrum was obtained. In addition, the reduction of tunneling time of the photoexcited electrons out of the well due to the lowering of the barrier height would also contribute to the broadening effect. 20 On the other hand, Lee and Li's calculation also predicted that the responsivity of the QWIPs should increase with the narrowing of the spectrum because of the improved absorption strength within certain interdiffusion range, when the first excited state was close to the top of the QW. [21] [22] [23] However, this was not observed from our responsivity measurements. For the 2ϫ10 16 cm Ϫ2 implanted device which has the narrowest spectrum, the peak response ͑0.465 kV/W͒ was still lower than that of the unimplanted device ͑0.766 kV/W͒. This is ascribed to both the reduction of carriers caused by the outdiffusion of Si dopants from the well during RTA 2 and the increase of nonradiative recombination centers after implantation. Further degradation of the absolute peak response was found ͑0.235 kV/W͒ for the device implanted at the highest dose (4ϫ10 16 cm
) due to the reduced absorption strength when the upper state was not confined within the QW as well as the higher implantation induced damage and dopant outdiffusion.
The dark current (I -V) characteristics of the samples , respectively. measured at 80 K are shown in Fig. 3 . Compared with the unimplanted sample, one to two orders of magnitude increase of dark current of the implanted devices was observed. It is known that at high temperature ͑Ͼ50 K͒, the classical thermionic emission and the thermally assisted tunneling are the two major sources for the dark current. 24, 25 Obviously, both mechanisms are greatly affected by the structure of the QW. After implantation induced interdiffusion, the shape of the QW was significantly modified with increased ground state energy and decreased barrier height, leading to an enhanced probability for electrons to be thermally excited, or assisted to tunnel out of the well to increase dark current. This can be demonstrated by the large and linear reduction of the thermal activation energies E a with the increase of implantation doses, plotted in the inset of Fig. 3 . Furthermore, the residual damage caused by ion implantation will increase the tunneling probability of the electrons, which will also contribute to the dark current. Table I lists the comparison of different implantation schemes, single energy, 19 multiple energy, 16 and single highenergy implant used for tuning the wavelength of QWIPs. It is shown that for a similar defect density in the multiple QW region, single energy implantation is the least effective with the small wavelength shift and broad spectrum linewidth, which was caused by the narrow damage profile covering only a small part of the QW region. For the other two implants, although the results are comparable, the single highenergy implantation is simpler.
In summary, a simple and reliable implantation scheme, the single high-energy implantation has been used to tune the spectral response of QWIPs. This scheme induces uniform intermixing over the entire QW region. It is shown that in addition to the large wavelength shifts obtained, below certain interdiffusion length, the spectral linewidth of the implanted device became narrower but when interdiffusion proceeded further, the spectrum was broadened. This effect is ascribed to the change in position of the upper energy state in the QW after interdiffusion. Comparatively, the single highenergy scheme is more effective and convenient than other implantation schemes. Certain important issues related to the reduction of responsivity and increase of dark current still need to be addressed. However, we believe that by further optimizing the QWIPs structure design and implantation process, this technique has potential of realizing multicolor IR applications. FIG. 3 . Dark current characteristics measured at 80 K for the samples with and without implantation. Inset is the thermal activation energy E a for samples as a function of implantation doses. E a was calculated using the relation J d ϭJ d0 exp(ϪE a /kT), where J d is the dark current and T is the temperature.
